The present work is an attempt to determine torque required at each joint of 6-Degree of Freedom Arc Welding Robot for typical horizontal fillet welding operation which will be useful for designing actuator. Here, range of welding speed 90mm/min & 2000mm/min is taken. Result obtained at the end of this analysis will be useful for designing actuator capacity for typical application. The methodology adopted for analysis includes development of dynamic model, determination of velocity and acceleration with respect to time and thus determination of torque using velocity-acceleration and dynamic model.
INTRODUCTION
Robot arm dynamics deals with the mathematical formulations of the equations of robot arm motion 7 . The dynamic equations of motion of a manipulator are a set of mathematical equations describing the dynamic behavior of the manipulator. Such equations of motion are useful for computer simulation of the robot motion, the design of suitable control equations for a robot arm, and the evaluation of the kinematics design and structure of a robot arm. The dynamic behavior of the manipulator provides relationship between joint actuator torques and motion of links for simulation and design of control algorithms. The forward dynamics 8 and q(t), for the generalized input torque τ(t) for t>t 0 . The inverse dynamics problem 8 is of great importance to robot control and programming because it allows one to find the inputs necessary for producing the desired outputs.
To perform desired work robot's end effector has to follow the specific trajectory. To do so all the joints and thus links will be operated with respect to time. And all the joints actuator should be in position to transmit enough torque. For arc welding operation, robot has to follow a predefined trajectory, so it is necessary to know torque required to operate each joint for selected trajectory path. The present work is an attempt to find out torque required at each joint of 120iBe Fanuc 6-Degree of Freedom Arc Welding Robot for 450 mm horizontal fillet welding operation as shown in Figure 1 . Here maximum and minimum welding speed is considered through which range of torque requirement is calculated, which will be helpful for the actuator selection.
MATERIALS AND METHODS
To find out torque, dynamic model should be generated. Then velocity and acceleration are determined for range of welding speed. Using velocity & acceleration, dynamic model is solved and torque is determined.
Dynamic Model
The derivation of the dynamic model of a manipulator based on the Lagrange-Euler formulation is simple and systematic 7 . Assuming rigid body motion, the resulting equations of motion, excluding the dynamics of electronic control devices, back lash and gear friction, are a set of second-order coupled nonlinear differential equations.
To derive dynamic model, technical specification of robot and real application specification are required, based on which frame assignment is carried out. From assigned frame, DH parameter, Centroidal and gravity direction is finalized. Using all these, dynamic model is generated by Lagrange-Euler Formulation.
Technical specification of 120iBe Fanuc Robot & Real Application Specification
120iBe Fanuc Arc Welding robot is used by Jyoti Automation, Rajkot, India for manufacturing of CNC body parts. 120iBe is a 6 Degree of Freedom robot having all rotary joint and maximum joint rotation and maximum speed as per Table 1 . Also it is mentioned that this analysis is carried out for typical application i.e. 450 mm horizontal fillet welding operation as shown in Figure 1 , the joint rotation required for the said task will be as per Table 2 . 
Frame Assignment
The Denavit-Hartenberg convention is commonly used to select the coordinate frames for formulating the kinematic problem of serial manipulator 2 . Using the link frame assignment algorithm 8 first of all the Z i -axis of the entire joint is fixed in the direction of rotation as followed by the right-handed rule for rotation. The index number for the Z-axis of joint n in each case is n-1. That means, joint 1 rotation axis is denoted as Z 0 . Here the rotation about the Z-axis will be the joint variable. Then X i axis is fixed considering Z i-1 and Z i axes. And finally Yi axis is fixed to complete the right handed ortho-normal coordinate frame {i}.
DH parameter, Centroidal & Gravity Direction
From the assigned frame, DH Parameter 6,7,8,9,10 i.e. four joint-link parameters a, α, d, θ for each link are finalized as shown in Table 3 . Also centroidal position and gravity direction 8 are finalized as shown in Table 4 . Description of each symbol is as per Appendix-1 Table 3 DH parameter  Table 4 Centroidal & Gravity Direction 
Description of each symbol is as per Appendix 1
Velocity and Acceleration at every instant for selected arc welding operation.
Here initial and final velocity will be zero. Also initial and final position of each joint is known. These four pieces of information allow any one to solve for unknowns by third order polynomial trajectory planning. Therefore, to describe the joint motion, assume that the cubic polynomial 8 
which gives a parabolic velocity profile
and a linear acceleration profile
Using aforesaid method MATLAB program is developed which will generate position, velocity and acceleration value with time history.
Torque Determination
Dynamic model is solved by inserting value of velocity and acceleration. This dynamic model is developed through program generated in MATLAB using Lagrange-Euler formulation. Indigenous program of torque determination for selected arc welding application i.e. 450 mm horizontal fillet welding operation of 120iBe robot as shown in Figure 1 , will accept only required time for operation, and initial and final position of each joint. Already no. of link, type of joint, DH parameter, Centroidal position, gravity direction, mass and length of each link of 120iBe is included in the program. Final results are determined in terms of graphs and detailed calculations are stored in text files by the developed MATLAB program 3, 11 .
RESULTS
To perform 450 mm horizontal fillet welding operation range of welding speed considered is 90 mm/min to 2000 mm/min. According to this welding speed, arc welding operation will be completed in 300 sec and 13.5 sec respectively. To perform welding operation in this time limit, torque required at each joint is as per Table 4 . 
CONCLUSION
At the end of this analysis, it is concluded that arc welding operation is very low speed operation and so velocity and acceleration will be less. Because of this low value of velocity and acceleration, torque due to inertia and centrifugal component will be low. So for this typical arc welding operation major torque is due to gravity component. This gravity component will remain constant and it will not be affected by speed. Here the problem is of inverse dynamics, the joint torque required to cause the desired motion (displacement, velocity, acceleration etc.) are computed. This analysis gives range of torque required to carry out the 450 mm horizontal fillet arc welding operation. Thus this work allows one to decide capacity of the actuator for typical application.
Further it is useful for manipulator trajectory planning and control algorithm implementation. The computation of torques to be applied at the joints to obtain the desired motion specified as a joint trajectory, which is specified in terms of positions, velocities, and accelerations, is useful for verifying feasibility of the desired trajectory. During this analysis text files are generated by the program which will give complete details about the input, output and computation at various stages of the programs. Also one complete database may be prepared for the various range of selection of actuator.
